Abstract-The fraction of absorbed photosynthetically active radiation (FAPAR) characterizes the energy-absorption ability of the vegetation canopy. It is a critical input to many land-surface models such as crop growth models, net primary productivity models, and climate models. There is a great need for FAPAR products derived from remote-sensing data. The objective of this research is to develop a new instantaneous quantitative FAPAR model based on the law of energy conservation and the concept of recollision probability ( ). Using the ray-tracing method, the FAPAR-P model separates direct energy absorption by the canopy from energy absorption caused by multiple scattering between the soil and the canopy. Direct sunlight and diffuse skylight are also considered. This model has a clear physical meaning and can be applied to continuous and discrete vegetation. The model was validated by Monte Carlo (MC) simulation and field measurements in the Heihe River basin, China, which proved its reliability for FAPAR calculations.
I. INTRODUCTION
T HE fraction of absorbed photosynthetically active radiation (FAPAR) is a critical eco-physiological variable for estimating canopy gross primary production (GPP) and is, therefore, the key variable influencing photosynthesis, transpiration, and energy balance in most soil-vegetation-atmosphere transfer (SVAT) models from leaf to landscape scale [1] - [12] . Many bio-physical FAPAR models have been developed to describe the interaction between biosphere and atmosphere, including multilayer models [13] , discrete 2D and 3D models [14] - [16] , simple single-layer big-leaf models [17] - [19] , and sun-shade models [20] - [24] in ecological studies. These models and several of these surface schemes have been incorporated into regional or global climate models [17] , [25] - [30] . Therefore, there is a great need for FAPAR products to provide input data. In addition, some experts have focused on the study of chlorophyll FAPAR [31] .
Remote sensing can provide spatial distribution functions of land-surface properties including land cover, vegetation type parameters, vegetation structure, and light-use efficiency [32] , [33] . Regional and global FAPAR products are now derived from multiple sensors, such as moderate-resolution imaging spectroradiometer (MODIS) [10] , Sea-Viewing Wide Fieldof-View Sensor (SeaWiFS) [12] , and the Medium Resolution Imaging Spectrometer (MERIS) [34] . FAPAR products are often derived by two kinds of algorithms using remote-sensing data as constraints. The empirical methods have always been developed using satellite sensor-derived spectral vegetation indices [e.g., normalized difference vegetation index (NDVI) [8] , [35] ) or leaf area index (LAI [9] ). However, the empirical parameters for these statistical methods are limited to a regional area at a certain period and are, therefore, hard to apply to new unknown larger areas over long time scales. To avoid the disadvantages of statistical methods, physical inversion methods have been proposed based on radiative transfer (RT) models [10] , [12] , [36] - [38] . The Joint Research Centre (JRC) FAPAR algorithm has been developed for MERIS and SeaWiFS [39] - [41] using measurements in the blue, red, and near-infrared spectral domains. The algorithm was based on the continuous vegetation canopy model [42] and the 6S model. Knyazikhin et al. [36] proposed a synergistic algorithm for calculating LAI and FAPAR based on the RT model. The RT model is separated into a black-soil problem and a scattering problem, each of which expresses canopy transmittance, reflectance, and absorbance based on the law of energy conservation. The MODIS LAI/FAPAR product is based on this algorithm. The two algorithms have a clear physical mechanism and are used to produce global products.
This research has discovered a new way to provide a simple analytical and reliable algorithm for FAPAR retrieval using remote-sensing data, which can be appropriate for various canopy structures and different levels of ambient radiation. Based on energy conservation and the concept of recollision probability, a new FAPAR-P model (FAPAR model based on ) has been developed which considers the effects of canopy structures, ambient radiation, and multiple scattering between soil and vegetation. The model has been validated by Monte Carlo (MC) simulation and in-situ simultaneous measurements, and a case study in China has been presented, which will be beneficial for understanding the physical mechanism of FAPAR retrieval.
II. THEORY AND METHODOLOGY

A. FAPAR Model for Continuous Vegetation
FAPAR is the fraction of incoming solar radiation that is absorbed by green vegetation in the spectral range from 400 to 700 nm. Assuming constant soil reflectance, FAPAR includes the direct absorption of radiation by the canopy ; and the part that is reflected by the background and then absorbed by the vegetation . Therefore, the total energy fraction absorbed by the green canopy is where is the wavelength. can be calculated if the background reflectance is assumed to be zero. Then, the instantaneous FAPAR can be expressed by μ 1) Fraction of Solar Radiation Directly Absorbed by the Canopy: Along the incident solar beam, the photons will be scattered (reflected or transmitted) or absorbed when they collide with the vegetation canopy. The probability of scattering is ( is the single-scattering albedo), and the probability of absorption is . The scattered photons can either directly penetrate the canopy boundary or collide again within the canopy. represents the recollision probability at the th collision time. A photon in the vegetation canopy can undergo several collisions until it penetrates the canopy or its energy becomes less than a threshold value. This can be regarded as the life cycle of a photon. Assuming that the soil is black, the total probability of scattering and absorption can be represented as and , respectively. The precondition of collision is that photons are intercepted by vegetation, so and are conditional probabilities. Assume the probability that photons are intercepted by the canopy is ; because leaves are homogeneously distributed in the canopy, . Therefore where , is the solar zenith angle, is the projection of leaves per unit ground area on the plane perpendicular to the incident solar beam, and is the vegetation leaf-area index. The total probability of scattering is the sum of the scattering probabilities of each collision
If
, then , and, therefore, can be written as
Suppose that the downward radiance of diffuse skylight is approximately isotropic in hemispherical space. The average probability that diffuse skylight is intercepted by the canopy can be expressed as . The irradiance of diffuse skylight reaching the canopy can be written as [43] where is the downward radiance and is approximately isotropic in space, is the differential solid angle, , and is the incident azimuth. For the continuous vegetation canopy, the relationship between irradiance of diffuse skylight and LAI can be obtained by numerical integration when leaf-angle distribution is spherical where (when ). The average probability that diffuse skylight is intercepted by the canopy in space can be expressed as . When the vegetation type is spherical, can be expressed as When the leaf-angle distribution function is nonspherical, the constant parameters and 0.9 should be adjusted, but the form of the empirical equation remains unchanged.
The diffuse skylight proportion of total incident radiation can be expressed as , where E is the irradiance of diffuse skylight and is the direct solar irradiance for the horizontal plane. Considering the contributions of both direct and diffuse solar radiation, is the weighted sum of the two parts 2) Absorption Caused by Vegetation-Soil Multiple Scattering: In fact, the black-soil assumption adopted above is an ideal condition. If soil reflectance is considered, FAPAR should include the part that is reflected by the background and then absorbed by vegetation.
Two energy components will reach the soil surface through the canopy: 1) the proportion of the incident radiation that directly reaches the soil without interacting with the canopy ( ) and 2) the proportion that reaches the soil after one or more scattering events within the canopy ( ), as shown in Fig. 1 .
Suppose that , , is leaf reflectance, is leaf transmittance, and the diffuse radiation that reaches the bottom interface of the canopy is approximately isotropic in the half-space; then the average interception probability is .
The first part depends on the canopy transmittance along the incident direction of light, which can be expressed as The first part of the right side of (10) represents the contribution of direct sunlight, and the second part represents the contribution of diffuse skylight.
For simplicity, let us assume that leaf reflectance is equal to leaf transmittance , , and that scattering within the canopy can be considered isotropic. Then the proportion that reaches the soil after one or more scattering events within the canopy can be expressed as This means that is the sum of two parts, the contribution of sunlight reaching the ground after interception by the vegetation canopy through scattering, and the contribution of diffuse skylight reaching the ground after interception by the canopy through scattering.
Therefore, the absorption caused by canopy-soil multiple scattering can be expressed as where is the diffuse reflectance of the vegetation canopy (Fig. 1) . Therefore, FAPAR can be obtained as an integral of bands ranging from 400 to 700 nm using (2) when and are known.
B. FAPAR Model for Noncontinuous Vegetation
In nature, leaves (the main scattering elements) are clustered on different scales within the crown and from one crown to another. Therefore, different vegetation types can be considered in some way as superimposed clusters on different scales, meaning that continuous homogeneous vegetation is only an assumption under ideal conditions. Because of the existence of clusters, leaves shade each other, and, therefore, canopy transmittance increases in some directions [44] .
The negative exponential form of transmittance ( ) is the solution of the differential term in the RT equation under the assumption that there is no mutual shading among leaves. Nilson [44] first introduced a parameter (called the clumping index or Nilson index ) to describe the clumping effect among leaves. In addition, the concept of effective leaf-area index ( ), was proposed to replace the original LAI by multiplying by the clumping index ( ), i.e.,
. With the introduction of the clumping index and , the transmittance formula can be widely used for various types of vegetation canopies [45] , [46] .
The absorption and scattering probabilities of photons are determined by and , respectively, when photons collide with leaves, whereas they are not associated with other factors (such as whether the leaves are illuminated by the Sun). The number of collisions in a photon's life cycle depends only on the recollision probability, [36] , [47] . is a function of LAI, and, therefore, the form of the total absorption probability equation remains the same for different vegetation types, the only difference being the use of instead of LAI. The FAPAR model for noncontinuous vegetation should, therefore, be corrected to
III. RESULTS AND ANALYSIS
A. Comparison With MC Simulation
MC simulation is a stochastic simulation calculation method based on the RT model [48] - [50] . The results can be obtained through repeated random sampling, and the RT process for photons in the canopy can be simulated according to different canopy structures. Many studies of canopy reflectance have been conducted using MC simulation. Govaerts et al. [50] described four steps that are used to calculate the RT process within the canopy: generating the rays (photons) and determining the parameters of the photons that collide with objects (scenes), the type of collision and scattering direction, and the information on the ray path (counting). FAPAR is a ratio. The absorption and scattering probabilities of photons depend on only in the collision process, but are not affected by whether leaves are illuminated by the Sun. As proved in Section II-A2, the interception probability equation is the same for any vegetation type as long as the effective leaf-area index is used to conduct the MC simulation instead of the leaf-area index. This means that the MC method can undoubtedly be used to simulate canopy FAPAR. A random flowchart of photon-transfer processes in the canopy has been used [51] .
The parameters used include: Photon incident zenith angle : ; Photon incident azimuth : ; Leaf-angle distribution type: level, straight, tilted, extreme, uniform, and spherical (select one); Leaf-area index of canopy: 0-10; Termination threshold of photon energy: 0.001; Photon number: if the value is greater than 10^6, 10^6 is used. The leaf reflectance, leaf transmittance, and soil reflectance values used in the simulation were obtained from the Leaf Optical Properties Experiment 93 (LOPEX93) database. According to the spectral characteristics of soil and vegetation, 18 points were nonuniformly sampled in the μ region. The resulting spectra are shown in Fig. 2. 1) Empirical Expressions for and Compared With MC Simulation: For a continuous canopy, Smolander and Stenberg [52] have proposed an empirical relationship between the recollision probability ( ) and LAI when leaf-angle distribution is spherical ( ). In fact, the recollision probability has been found to vary with solar zenith angle, and, therefore, the empirical formulas should be amended to read
Note that (15)- (17) are the empirical expression when and solar zenith angle is 0 , 30 , and 50 , respectively. The empirical relationship can also be obtained at other solar zenith angles.
To evaluate the empirical relationship, was calculated using MC simulation at a given incident solar zenith angle. The relationship between and from MC coincided well with the results of the empirical formula (Fig. 3) .
Meanwhile, to verify the empirical equation for the average interception probability , the number of photons which were intercepted by the vegetation canopy was counted in hemispherical space. The comparison is shown in Fig. 4 . It is apparent that the difference is negligible between the two independent methods. It has also been proved that the empirical equation for is reliable. When the incident solar zenith angle is 30 and [ Fig. 5(a) ], the difference (less than 0.32%) between the model outputs and MC simulations is negligible. Fig. 5(b) shows that when , differences do exist between the two values, but they decrease with increasing LAI. The errors are less than 0.42% when LAI is greater than 3. When LAI is small, there are few leaves, and the interception of diffuse radiation is limited, leading to fluctuation of the FAPAR model and the MC simulations.
3) FAPAR Model for Row Crops:
The FAPAR model for row crops was also evaluated by MC simulation. Fig. 6 indicates that the difference between MC and the model is small (less than 0.3%) when the ridge width , the between-ridge width ,
, and . The model calculated the clumping index of row crops according to Yan's method [53] . Model bias increases with LAI, but the largest bias is limited to less than 1% when LAI is greater than 7. These results indicate that the model can be reliably applied to row crops.
B. Analysis of Parameters in the FAPAR Model
Many factors affect FAPAR retrieval and must be analyzed to provide theoretical support for it. Therefore, leaf-area index, solar zenith angle, soil reflectance, and the proportion of diffuse skylight were chosen and analyzed because of their relatively high importance.
Due to the discontinuity of the spectral bands for most remote sensors, 18 wavelengths within the μ spectral range were nonuniformly sampled to mimic this discontinuity effect. Leaf reflectance and transmittance as well as soil reflectance at the chosen 18 wavelengths were obtained from the LOPEX93 database. The canopy FAPAR was calculated as the integral of the 18 FAPAR values according to solar radiation at each wavelength.
1) Effect of Solar Zenith: When the vegetation type is spherical and , the relationship between FAPAR and solar zenith is shown in Fig. 7 . Fig. 7 shows that FAPAR increases with solar zenith angle when LAI is fixed, but that the rate of increase gradually diminishes, which can be physically explained by the elongation of the photon travel path inside the canopy and the increased probability of collisions between photons and leaves. When [ Fig. 7(b) ], the effect of solar zenith angle becomes weaker because diffuse skylight is the main form of incoming solar radiation and is isotropic.
2) Effect of Single-Scattering Albedo: Because single-scattering albedo is the sum of leaf reflectance and leaf transmittance , , and (assumed). Therefore, three kinds of leaf reflectance (Rabbitbrush, Lawn Grass, and Juniper Bush, from the USGS Spectral Library) were selected to analyze the effect of single-scattering albedo in the FAPAR model.
Similarly, 18 points of leaf reflectance (corresponding to the wavelengths mentioned earlier) were nonuniformly sampled in the μ spectral range; the soil reflectance can be used with the same points as above (Fig. 2) .
The relationships between canopy absorption and singlescattering albedo are shown in Fig. 8 under the same LAI and . The main reflection band is the green ( μ ) band, whereas the main absorption bands of leaves are the red ( μ ) and blue ( μ ) bands; therefore, canopy absorption changes with changes in wavelength. The leaves exhibit high reflectance in the near-infrared band, meaning that canopy absorption begins to decline at approximately μ . In the μ range, the general trend in canopy absorption moves from descending to ascending and then to descending again. In addition, canopy absorption varies with differences in single-scattering albedo. The greater the single-scattering albedo, the smaller is the canopy absorption.
3) Effect of Soil Reflectance: To discuss and analyze the impact of different soil types on modeled FAPAR, three kinds of soil with large differences in reflectance were selected: grayishbrown loam, gray silty clay, and reddish-brown fine sandy loam (Fig. 9) . The 18 soil-reflectance points (corresponding to those mentioned earlier) were nonuniformly sampled in the μ spectral range from the Johns Hopkins University (JHU) database. Fig. 10 shows the contribution of background reflectance to modeled FAPAR. It is clear that higher soil reflectance produces a larger FAPAR value for the canopy. The results also imply that canopy absorption along the outgoing path cannot be neglected. FAPAR changes only slightly as changes from 0 to 0.5. Fig. 11 shows the relationship between FAPAR and . It shows that the contribution of diffuse skylight to canopy FAPAR cannot be ignored. FAPAR increases with increasing value when LAI is fixed. When is large ( ), the relationship between FAPAR and is weakened, so the FAPAR is less dependent on beta when is increased to 60 , as shown in Fig. 11(b) .
4) Effect of Diffuse Skylight Proportion ( ):
IV. FIELD VALIDATION
A. Study Region and Data 1) Study Region: The Yingke oasis station, which is located in Zhangye City at the midstream point of the Heihe Basin, was selected as the study area and is shown in Fig. 12 . Yingke oasis station is covered by a large area of crops in summer, including corn, wheat, barley, and flax. The landscape classification and vegetation distribution for the study area are available at http:// heihe.westgis.ac.cn/.
2) Field Measurement: By measuring the incoming solar flux , flux to the ground , flux from the ground , and outgoing solar flux [12] , FAPAR was calculated by using (18):
The four items were measured using a SunScan v1.01 probe at 15-min intervals between 13:00 and 18:00 every day from July 4, 2012 to July 8, 2012. Measurements were conducted at , . The corn was in its growing season, and the ridges were covered by leaves, as shown in Fig. 13 . 249 sets of data were gathered from July 4 to 8 using SunScan and included sets for FAPAR daily change and sets for various quadrats randomly distributed in the study area.
3) Data Processing: An image obtained from the HJ-1B satellite at 03:52:46 GMT, July 8, 2012, with a spatial resolution of 30 m, was used in this study. The latitude and longitude were and . Geometric correction, atmospheric correction, and radiometric calibration were performed before the data were used. The 6S model was selected for atmospheric correction, and the aerosol light depth was obtained by a sounding balloon. Spectral changes in vegetation and soil before and after atmospheric correction are shown in Fig. 14(a) . The airborne hyperspectral data (CASI data) were obtained synchronously. The HJ-CCD and CASI spectra (atmospherically corrected by FLAASH) are shown in Fig. 14(b) . We found that the accuracy of atmospheric correction is acceptable.
B. FAPAR Retrieval
A hybrid model of canopy reflectance [54] , [55] was used to calculate LAI in this paper. A lookup table was built to facilitate LAI retrieval. The LAI retrieval results are shown in Fig. 15(a) .
As indicated by (10) and (11), many input parameters are required for FAPAR retrieval. G was set to 0.5 (assuming that the leaf-angle distribution was spherical), and leaf reflectance, leaf transmittance, and soil reflectance were obtained by field measurement using an ASD spectrometer. Solar zenith angle ( ) was obtained from the image header file; the recollision probability ( ) was calculated using an empirical formula; and the diffuse skylight proportion ( ) was obtained from SunScan BF3 observations as . FAPAR could be retrieved directly using the FAPAR-P model, with results shown in Fig. 15(b) .
C. Field Validation
The algorithm was validated using daily FAPAR measurements for the corn canopy. To perform field validation, 75 simultaneous synchronous sets from 12 different quadrats were selected to validate the FAPAR.
The transit time of the HJ-1B image was 11:52, but the field data were collected from 13:00 to 17:00. Temporal normalization was performed according to the FAPAR diurnal variation observed on July 8, as shown in Fig. 16 . Fig. 17 shows the difference between the retrieved and measured FAPAR values. The error is small and acceptable (less than 5%), indicating the feasibility of the proposed model.
As the MODIS LAI/FPAR product is the most popular global product, and has been proved to be reliable [56] , [57] . So the MODIS FAPAR product (MOD15) was used to compare with the model-calculated FAPAR values. Data from MOD15 (July 11, 2002) in the midstream area of the Heihe Basin were selected. MOD15 provides FAPAR products with 1-km resolution. First, the MOD15 LAI product was used as an input parameter; other input parameters were given as follows: G was set to 0.5, leaf reflectance and soil reflectance were obtained by field measurement using an ASD spectrometer. Solar zenith angle ( ) was obtained from the image header file; was calculated using empirical formula; and was obtained from SunScan BF3 observations. Then FAPAR was calculated in the FAPAR retrieval model. The FAPAR derived using FAPAR-P and MODIS FAPAR product were then compared, as shown in Figs. 18 and 19 . The FAPAR retrieval result from FAPAR-P showed good consistency with the MOD15 product. The difference of two results was shown in Fig. 20 . We found that there are also some small difference between the FAPAR retrieval result and FAPAR MOD15 product in forest and crop area. In coniferous forests of upstream, the result of FAPAR-P model is a little higher than MOD15 product. In crop area located in midstream, it is a little lower than MOD15 product, and more approach to the retrieval result of HJ-1B.
V. CONCLUSION AND DISCUSSION
In this research, a new quantitative model has been developed to improve FAPAR retrieval precision. The model considers multiple scattering both within the canopy and between the canopy and the soil, as well as diffuse sky radiation. The FAPAR-P model can also be extended to row crops and discrete vegetation canopies using effective LAI instead of LAI.
It has been proved that the new model is reliable and effective in acquiring canopy FAPAR by comparing the results of the model and of MC simulations. Then solar zenith angle, LAI, and other factors that affect the retrieval of canopy FAPAR were discussed in a preliminary way. Finally, ground validation of the model was conducted, and the results showed that the difference between the retrieved FAPAR and field measurements is small. However, the FAPAR-P model has not been verified in a forest canopy because the FAPAR of forest canopies is difficult to obtain. This will be the next step in this study.
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